Abstract-Original data on the survival of fungal spores exposed to space conditions are presented. The experiment was carried out on the Earth-orbiting Russian satellite Foton-M4. The flight duration of the satellite was 45 days. Thirteen fungal species (hyaline as well as pigmented) from 10 genera recovered from destructed stone materials were studied. Sterile quartz sand was inoculated by the fungal spores and was placed into Eppendorf tubes. During the space flight, the Eppendorf tubes with fungal spores were kept inside the Foton descent capsule in the "Biokont" containers and on the external surface of the capsule in the "Exobiofrost" containers exposed to the open space as well. Spores of ten species (77% of all tested species), i.e. Acremonium charticola, Aspergillus niger, Aspergillus versicolor, Chaetomium globosum, Cladosporium sphaerospermum, Penicillium chrysogenum, Penicillium verrucosum, Purpureocillium lilacinum, Sarocladium kiliense, and Trichoderma harzianum, survived after the flight both inside and outside the descent capsule. Only three species (23% of all tested species), i.e. Acremonium furcatum, Engyodontium album and Verticillium zaregamsianum, failed to survive outside as well as inside the capsule. Spore viability differed depending on the fungal species. Thus, spores of some fungal species are able to survive under the complex of stress factors such as low temperature values, radiation, etc. We have shown that micromycetes can be used as a model group for study of eukaryotic organisms' resistance to stress factors, due to their high tolerance not only to extreme terrestrial environments, but to the extraterrestrial ones as well.
Exobiology has received a great amount of attention in recent years. This division of biology deals with the origin, evolution and distribution of life on Earth or elsewhere in the universe [1, 2] . Panspermia is one of the important exobiological theories. Panspermia states that reproductive bodies of living organisms can possibly exist throughout the Universe and develop wherever the environment is favorable [2] . This theory was later transformed into the lithopanspermia hypothesis which proposes the possibility of interplanetary transfer of living organisms via meteorites [3] . Though the panspermia theory was initially widely criticized, it currently remains to be a subject of extensive speculations.
The influence of factors of the open space on living organisms had been studied for a long time in exclusively laboratory conditions on Earth before the space flights became available. The new era of cosmic investigations and the development of astrobiology started in 1957, when the first-ever manmade satellite "Sputnik" was launched [2] . Due to the modern space hardware not only the monitoring of living organisms during space flights inside cosmic satellites became real, but also that in the open space as well. These researches would help to approve or disapprove the panspermia and lithopanspermia theories.
Lots of exobiological experiments have demonstrated the tolerance of bacterial spores to extreme conditions of space flight (such as vacuum, low temperature and cosmic radiation) [4, 2] . Bacterial spores could even survive after the six-year space mission if protected from the UV [4] .
As for eukaryotic organisms, it was shown that lichens can survive after the two-week journey in the open space [5] . Besides, the micromycetes seem to be extremely perspective eukaryotic organisms for exobiological researches due to their ability to cope with harsh environments, unfavorable for other living creatures. For example, the micromycetes are extremely stable to desiccation: they are able to survive in media with 0.6 a w and even lower [6] . They are able to cope with low and high temperatures: e.g., spores of Asper- 1 The article was translated by the authors.
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gillus fumigatus remained viable at −32°С, and spores of some Aspergillus and Cladosporium species were able to survive at −196°C [7, 8] . A. fumigatus, Hormoconis resinae, Phialophora sp. tolerated high temperatures up to 80°С, 60°С and 55°С respectively [9] . High ionizing radiation can be even favorable for fungal growth unlike the other living organisms [10] .
Furthermore, the micromycetes colonized surfaces inside the International Space Station (ISS) [11] and the "Mir" station [12] . Black cryptoendolithic yeastlike fungi could survive not only under simulated open space and Mars conditions on Earth, but after 1.5 years in outer space with protection from the full spectrum of extraterrestrial insolation as well [3] . Furthermore, spores of Aspergillus ochraceus even stayed viable under cosmic insolation in vacuum conditions [13] , and spores of Trichoderma longibrachiatum stayed viable after the 2-year exposal in the outer space [14] .
However, the information devoted to the influence of the open space on fungi remains to be very limited.
The aim of our work was to fill partly this gap and study the survival of spores of certain fungal species exposed to space conditions, both outside and inside the spacecraft.
MATERIALS AND METHODS
Our investigation was the part of the Foton-M4 mission. Foton-M4 is the Earth-orbiting Russian satellite created for researches in various fields of science and technology. It was launched on July 18, 2014 and returned to Earth on September 1, 2014, the flight duration was 45 days. The orbit of the satellite was elliptical (252 km perigee, 531 km apogee).
Thirteen fungal species (hyaline as well as pigmented) from 10 genera were studied. The tested micromycetes belong to various taxonomic groups and are able to inhabit various ecological niches (table) . These fungi were recovered from destructed stone materials (limestone and plaster), from the inner surfaces of the stone monuments and inside the museum basements in Moscow and Tver cities and Vladimir region (Russian Federation). The tested strains were deposited in the culture collection of fungi of the Department of Mycology and Algology, Faculty of Biology, M.V. Lomonosov Moscow State University (no. Cos 1-16), Acremonium furcatum strain was also deposited to the VTT collection (Finland) (no. D151583).
Sterile quartz sand devoid of organic matter was inoculated with fungal spores (10 5 per gram) and mixed thoroughly. The sand with the spores was placed into the polypropylene Eppendorf tubes in amount of 0.25 gram per tube (in 8 replicates for each fungal species). The thickness of walls and lids of the tubes was 0.75 mm.
During the flight of the spacecraft, the Eppendorf tubes with inoculated sand were kept inside the Foton M4 descent capsule in "Biokont" containers (2 replicates for each fungal species) (Fig. 1a) , and in outer "Ekzobiofrost" containers on the external surface of the descent capsule as well (3 replicates for each fungal species). The control Eppendorf tubes with the samples were stored on Earth in the laboratory (3 replicates for each fungal species) at the room temperature during the flight of the satellite (45 days). The Eppendorf tubes inside the Foton descent capsule were kept in the "Biokont" containers ( Fig. 1a) , while specimens outside the satellite were placed into the "Ekzobiofrost" containers ( Fig. 1b,c) . The "Ekzobiofrost" containers were metal cylinders with quartz glass beakers. The Eppendorf tubes with samples were stored inside these beakers in 3 rows. In addition, each "Ekzobiofrost" container was covered by the quartz glass 3 mm wide. The module with the containers was tightly closed by the lid during takeoff and landing, while during the flight in the orbit the lid was opened to expose the containers to open space. Temperature and radiation were measured inside both "Biokont" and "Ekzobiofrost" containers during the whole flight.
In the "Biokont" containers, temperature fluctuated from 14 to 22°C, and absorbed radiation was 24 mGy for the whole flight.
In the "Ekzobiofrost" containers, temperature was 22°C at the time of the spacecraft launch, then it declined to −20°C during the next 5 hours and fluctuated from −8°C to −20°C during the rest of the flight. The absorbed radiation was from 45 to 225 mGy for the samples in the containers for the whole flight, i.e. from 1 to 5 mGy per day, depending on the sample position inside the container. The highest dose was accepted by the upper layer of samples, while the lowest one by the samples at the bottom (V. Shurshakov, personal communication).
After the flight, as well as the control samples, the specimens were suspended in sterile water. The fungal spore suspension obtained (0.2 ml) was applied on malt agar Petri dishes (3 replicates) and spread with a glass spatula. The dishes were incubated at 25°C for 10 days. The survival of the fungal spores was determined from their colony-forming ability as the number of colony forming units (CFU) per gram.
The results were statistically processed using the Microsoft Excel 2013 and STATISTICA 6.0 software packages (the average and standard deviation functions).
RESULTS
Spores of 10 out of 13 tested species (77%) i.e. Aspergillus versicolor, Chaetomium globosum, Purpureocillium lilacinum, Penicillium verrucosum, Penicillium chrysogenum, Aspergillus niger, Cladosporium sphaerospermum, Sarocladium kiliense, Acremonium charticola and Trichoderma harzianum survived after the 45-day flight both inside and outside the descent capsule (Fig. 2) . The amount of viable spores of 5 species (38% out of 13) (i.e. A. versicolor, C. globosum, P. lilacinum, A. charticola and T. harzianum) was statistically the same both after the flight inside the capsule and in the control samples. The amount of viable spores of another 5 species (38% out of 13) (i.e. A. niger, C. sphaerospermum, P. chrysogenum, P. verrucosum, and S. kiliense) was lower after the flight inside the capsule, than in the control samples. Among the 10 survived fungal species, 4 of them (40%) (i.e. C. globosum, P. lilacinum, A. niger and T. harzianum) survived much better inside the satellite than outside.
A. versicolor was the most resistant to the open space conditions. Spores of this species possessed high viability after the flight in the capsule (the amount of viable spores reached 218⋅10 3 CFU/g, 72% from the control rate) and in the open space as well (the amount of viable spores reached 210⋅10 3 CFU/g, 69% from the control rate). The viability of 2 species, C. globosum and P. lilacinum, was also high both in the inner (191 ×  10 3 CFU/g, 74%, and 197 × 10 3 CFU/g, 100% from the control rate respectively) and in the outer contain- 
ers (84 × 10 3 CFU/g, 33% and 77 × 10 3 CFU/g, 48% from the control rate respectively). The viability of spores of C. globosum and P. lilacinum was lower, than the viability of spores of A. versicolor in the open space conditions. The amount of viable spores of six species, Penicillium verrucosum, Penicillium сhrysoge-num, Aspergillus niger, Cladosporium sphaerospermum, Sarocladium kiliense and Trichoderma harzianum, was 18%; 17%; 19%; 41%; 4%; 0.2% after the flight outside the capsule and 19%; 20%; 62%; 3%; 36%; 76% after the flight inside the capsule from the control rate respectively. Spores of Acremonium charticola possessed significantly low viability after the flight and in the control as well; the rate of viable spores of this species after the flight in outer containers was statistically similar with the control rate, while it reached 13% from the control rate in inner containers.
Spores of three species (23% of all tested species), i.e. Acremonium furcatum, Engyodontium album and Verticillium zaregamsianum failed to survive both in the capsule and in the outer containers. Nevertheless, in control samples the amount of viable spores of these species was not high (70, 14 and 2 CFU/g respectively). Thus, seemingly, not only spaceflight factors had a negative effect on the survival of fungal spores.
DISCUSSION
Our investigation demonstrates the high spore viability of the significant amount of tested micromycetes in the Low Earth Orbit (LEO) space flight conditions, both onboard the satellite and in the containers exposed to the open space. Thus, spores of some fungal species are able to survive under the complex of stress factors such as low temperature values, radiation, rarefied atmosphere, etc. Spore viability differed depending on the fungal species.
Almost all researches with living organisms in outer space were carried out in LEO. The environment in LEO is characterized by complex intense radiation field, vacuum and extreme temperatures [2, 3, 5, 11] . Our investigation also took place in LEO.
All spores of 3 out of 13 tested species (23%) died both inside and outside the satellite. Among 10 survived fungal species after the flight, 4 (40%) of them survived much better inside the satellite than outside. Moreover, the amount of viable spores of 5 species (38% out of 13) was statistically the same both after the flight inside the capsule and in the control samples. This can be explained by the fact that the conditions onboard the satellite were less harsh than outside. Meanwhile for 8 out of 13 tested species (62%) the rate of viable spores was lower inside the satellite, than in control samples. Presumably, radia- tion, non-gravity and magnetic fields could still influence the survival. Indeed, it was shown that fluctuation of solar activity, radiation and magnetic fields could initiate the quantitative changes in microflora onboard the "MIR" station [15] , and micromycetes isolated from the "MIR" station have changed their physiology and morphology [16] .
Among the open space conditions, vacuum has been argued to be one of the factors which complicates the occurrence of panspermia. It is known that in LEO pressure can be as low as 10 -7 Pa. Vacuum is harmful for living cells due to its strong dehydrating effect. Lipids, carbohydrates, proteins and nucleic acids can change their chemical structure in vacuum conditions. The DNA damage is the most dramatic as it can lead to mutations and cell death [2] . Nevertheless, 1-2% of bacterial spores survived after exposing for six years in space vacuum even without any protection against dehydration [4] . Lichens also could cope with outer space vacuum perhaps due to the high level of sugar alcohols in their cytoplasm which stabilize the cellular macromolecules during dehydration [5] . In case of fungi, Cryomyces minteri possessed the ability of colony formation after 22-day exposure in vacuum conditions. Furthermore, 3.05% and 0.07% of cells of Cryomyces antarcticus and C. minteri respectively survived after the 1.5-year flight in the outer space shielded only from extraterrestrial insolation [3] . Spores of Aspergillus niger, A. versicolor, A ochraceus survived after about the 7-month exposal [13, 17] , spores of Trichoderma longibrachiatum -after the 2-year exposal in the space vacuum conditions [14] . According to the literature, cellular mono-layers show poorer survival than multi-layers due to the slower diffusion of water through multi-layers, then through monolayers [17] . These researches agree with our data: a significant amount of tested fungal spores survived in rarefied atmosphere in our investigation.
Another stressful and the most deleterious LEO factor for living cells is the solar ultraviolet radiation [2] [3] [4] 18] . The ultraviolet radiation is highly absorbed by DNA and leads to production of strand breaks, which can cause mutations and the cell death. Moreover, the harmful effect of ultraviolet radiation increases under vacuum conditions, as it was shown on bacterial cells and spores as well as on spores of Aspergillus ochraceus [13, 18] . Indeed, C. antarcticus have not survived after the 1.5 years of exposure in outer space under cosmic ultraviolet radiation and vacuum conditions [3] . On the other hand, it was proposed that vacuum conditions should inhibit any oxidative process and thus could protect against some other damaging effects of outer space including ultraviolet radiation [3] . According to the literature, lichens survived after the 2-week exposure in the full ultraviolet radiation spectrum during the EXPOSE mission. Also about 60% of fungal cells in the lichen thalli stayed viable after 16 days in the open space [5] .
The absorbed dose of ultraviolet radiation by spores depends on their position in the specimen. In the "SPORES" experiment, as the spores of Trichoderma longibrachiatum were exposed in clusters, the outer layers of spores have shielded the inner part from ultraviolet radiation during the space flight [14] . In our experiment, upper layers of quartz sand with spores could possibly play the role of protector for the lower layers. Similar situation occurred with bacterial cells studied by Horneck et al. [4] : the upper layer of them died but formed a protective crust from the solar insolation for lower layers, which stood alive. Moreover, the tubes with our specimens were stored in three rows during the flight, which most probably led to different radiation and insolation levels and resulted in high difference of the levels of spore survival for each tested species in different tubes.
Another harsh factor of LEO is the cosmic radiation field, which consists of galactic cosmic radiation, solar cosmic radiation and the van Allen radiation belts. The latter are the result of interaction of galactic and solar cosmic radiation with the Earth magnetic field and the Earth atmosphere [2] . Fungi are known not only to be able to adapt well to the high radiation level, but even show increased growth under radiation conditions [10] . For instance, fungi were found to colonize the walls of the damaged Chernobyl nuclear reactor [19] . The mycobiota of the damaged fourth Unit of the Chernobyl Nuclear Power Plant comprised 37 species of 19 genera [20] . The lethal dose of gamma irradiation for micromycetes severely depends on fungal species and it is higher for dematiaceous than moniliaceous species. In our investigation, the doses were 10 4 times lower than the standard dose for food irradiation in the US (1 kGy; [21] ).
In our research, dematiaceous species were more resistant to outer space conditions, than moniliaceous. We believe that this difference is caused by the presence of melanin in dematiaceous fungi, which is known to possess significant radioprotective properties [19] . According to the literature, up to 40% of all fungi isolated from the Chernobyl reactor room and many microorganisms inhabiting the ISS were pigmented, which hints at the usefulness of pigments presence under the extreme conditions [10, 20] .
Aspergillus versicolor was the most resistant to the open space conditions. The post-flight survival of a large number of spores of A. versicolor was predictable, as it is a pigmented xerotolerant species [22] . A. versicolor also dominated on equipment onboard the "MIR" station [12] and on surfaces in ISS [23] , and even could survive after 7 months of exposal in outer space on spacecraft materials [10] .
Aspergillus niger and Penicillium chrysogenum occurred on board of the ISS [11, 23] and the "MIR" station [12] in a large number, so, they should cope well with flight inside the satellite. Our experiment confirmed it, as their spores survived well in the inner containers.
Cladosporium sphaerospermum was isolated from the 4th Block reactor room of the destroyed Chernobyl nuclear reactor and demonstrated the statistically significant directed growth to the 109 Cd source of radiation [10] . In our experiment, spores of this species survived after space flight both inside and outside the satellite, but not in a large number.
CONCLUSIONS
Due to high human activities in space exploration, a fascinating question still to be solved is the prevention of target planets from terrestrial microorganisms [2] . There is even a concept of contamination control, which, for example, suggests strict measures for cleaning spacecraft in Mars lander missions [3] . In our experiment, the tested species were the common soil fungi which can be found everywhere, i.e. in dust, air, destructed materials, etc. For this reason, such species are of primarily risk for space environment among micromycetes.
Survived fungal species in our experiment belong to various taxonomic groups with different phenotypic traits, e.g. different level of pigmentation. Not only melanized fungi survived, though the protective properties of melanin are well known. We suppose that micromycetes can possess some other mechanisms of stress tolerance, e.g., slime can prevent fungal spores under the stressful space conditions.
We have shown that micromycetes can be used as a model group for study of eukaryotic organisms' resistance to stress factors, owing to their high tolerance not only to extreme terrestrial environments, but to the extraterrestrial ones as well.
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